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ABSTRACT 
The goal of this thesis is to identify potential Near-Earth Asteroids (NEAs) that are viable 
candidates for human exploration. The computational method incorporated to help identify these 
targets is the particle swarm optimization (PSO) technique, a metaheuristic swarming algorithm.  
The optimizer that was developed minimizes the total mission delta-V, given a particular epoch 
date, whilst optimizing four time parameters, namely, the ideal time to launch from Earth, the 
outbound flight time from Earth to an asteroid, the stay time at the asteroid and the inbound 
flight time from the asteroid to Earth.  
Studies have been done to identify NEAs suitable for human exploration. However, such studies 
involved the computation of millions of combinations of launch dates, flight times and wait 
times at an asteroid in order to determine the specific combination that yields the lowest cost, i.e. 
the lowest delta-V value. The use of PSO eliminates the need to take such a ‘brute-force’ 
approach and offers a less-cumbersome way of solving the problem and is computationally 
inexpensive. The optimizer was applied to NEAs representing all three asteroid belts and 
identified 365 day (or less) round trip missions which can be accomplished with modest and 
reasonable delta-V values.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Why Explore Near-Earth Asteroids? 
Space exploration has always been one of the most challenging and fascinating endeavors ever 
pursued by mankind. In an attempt to send astronauts beyond a low-Earth orbit and the Moon, 
several destinations have been considered.  
One such destination is Mars. It is well understood that a round trip mission from Earth to Mars 
requires a delta-V change of about 11.1871 km/s on a Hohmann transfer type mission. However, 
such missions require a total duration of about 2.66 years. This includes the outbound and 
inbound flight times and the wait time at the destination.  
Important considerations that arise due to such missions include and are not limited to aspects 
such as the health and the mental well-being of the crew, the amount of consumables/supplies 
and the success of in-situ propellant manufacturing techniques that will also aid in providing 
essentials such as water and breathable oxygen that will last the duration of such long trips.  
Understanding the harmful effects of radiation on the human body when exposed to such 
extended periods of time is of primary concern when designing missions to Mars. As a result, 
mission planners have been encouraged to look for other feasible destinations that could be 
visited by astronauts. In recent times, there has been great interest in sending a human crew to 
explore a Near-Earth Asteroid.  
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1.2 Near-Earth Asteroid Mission Considerations 
Missions to several NEAs can be accomplished with modest delta-V values, a factor that plays a 
significant role in assessing our launch-vehicle capabilities. Asteroids with low inclination values 
are desirable as higher the inclination of an asteroid’s orbit, higher the delta-V. Another key 
aspect of such missions is the size of the asteroid represented by the absolute visual magnitude 
value denoted as ‘H’. Higher ‘H’ values correspond to fainter and hence smaller asteroids. 
Paying attention to this value ensures that an asteroid is large enough so as to offer more 
opportunities for the crew to conduct surface exploration and understand the structural and 
chemical composition of the asteroid. 
Adding a constraint of the total mission duration to be under 365 days ensures that the astronauts 
do not spend extended stays in space. As of February 2, 2013, 9573 NEAs have been discovered 
and this number has increased to 9767 NEAs as of April 13, 2013. The rate at which new NEAs 
are being discovered thus contributes to widening the search space of possible asteroid 
destinations.  
1.3 Motivation to Use Particle Swarm Optimization 
Few studies have been done to help identify potential asteroid targets for human exploration. 
These studies involve the computation of millions of combinations of launch dates, flight times 
and wait times at an asteroid in order to determine the specific combination that yields the lowest 
cost, i.e. the lowest delta-V value.   
As the approach taken in these earlier studies is quite unsophisticated, there was motivation to 
achieve the same purpose of such a study in a much more ingenious way.  It was decided to test 
the particle swarm optimization (PSO) technique to help achieve the goal of this thesis which 
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was to identify potential Near-Earth asteroid targets for human exploration. The use of PSO 
eliminates the need to take a ‘brute force’ approach and offers a less-cumbersome way of solving 
the problem in hand. The use of PSO allows the possibility to minimize the total delta-V value of 
a round trip mission from Earth to a NEA subject to the total mission duration constraint whilst 
optimizing the four time parameters, namely, the ideal time to launch, the outbound/inbound 
flight times and the wait time at an asteroid. However, the process of doing so is much simpler 
than computing millions of trajectories corresponding to combinations of the associated time 
parameters. 
As PSO is a swarming algorithmic technique, efforts were also directed towards decreasing the 
likelihood of converging to the local minimum in the randomly generated search space. Periodic 
regeneration (restarting) of the population in the PSO algorithm was tried as a solution to this 
problem. 
When the optimizer was fully developed, it was applied to several of the asteroids identified as 
potential destinations by the studies conducted earlier. It was observed that the optimizer 
identified modest delta-V values that are well within the range of our launch vehicle capabilities.  
The following chapters discuss each step taken towards realizing the goal of this thesis and 
include discussions/analysis of results recorded and observations made in the process.  
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CHAPTER 2 
PARTICLE SWARM OPTIMIZATION 
 
2.1 Introduction to Particle Swarm Optimization 
Particle Swarm Optimization (PSO) is a metaheuristic algorithm developed by James Kennedy 
and Russell Eberhart.  It imitates the behavior of a flock of birds and is computationally 
inexpensive in terms of both memory requirements and speed [1]. 
It is a population based stochastic process where a population P of position vectors is generated. 
Each position vector consists of the decision parameters of the problem and corresponds to an 
individual or particle. A cost or fitness value can be determined for each particle based on the 
objective function that is being optimized. The particles subsequently move, i.e. step in the 
direction of a ‘velocity’ vector, with the goal of moving to a position that improves their cost or 
fitness. PSO uses collaboration in that each particle is made aware of the cost of every other 
particle and knows favorable regions of the parameter space.  
The PSO algorithm is implemented as follows [2],[3]: 
1. The individual fitness of each particle is evaluated at each generation.  
2. Individual and global fitness values and their corresponding position vectors are updated. 
3. Velocity and position vectors of each particle are updated using the equations 
below[2],[3]: 
 ⃗(     )    ⃗(   )      ( ⃗⃗           ⃗⃗(   ))      ( ⃗⃗            ⃗⃗(   ))        (   ) 
                             ⃗⃗(     )   ⃗⃗(   )   ⃗(     )                                                (   ) 
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Where  
 ⃗⃗(   ) is the position of particle   at generation   
 ⃗(   ) is the velocity of that particle 
      are random values between 0 and 1 and are generated for each velocity update 
The weight values for local and global best fitness values are user-supplied coefficients. The first 
value represents the inertial coefficient or ‘ ’, the second value denotes the cognitive coefficient 
or ‘  ’ and the third value indicates the social coefficient or ‘  ’. Blondin [3] suggests that the 
coefficients-  ,    and     should be within the following range of values:  
          
          
       
For the inertial coefficient, lower values fasten the convergence of the swarm to the optimal 
value and higher values aid in the exploration of the entire search space. The paper adds that the 
cognitive coefficient “affects the size of the step the particle takes towards its individual best 
candidate solution” and the social coefficient “represents the size of the step the particle takes 
toward the global best candidate solution the swarm has found up until that point.” 
2.2 Implementation of the PSO Technique in MATLAB 
PSO implementation programs are available in various languages. This work relies on the 
MATLAB version written by Mr. Jacob Englander, a doctoral candidate in aerospace 
engineering (as of the semester of Spring 2013) at the University of Illinois-Urbana Champaign. 
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The MATLAB function has six return values, namely, the optimal fitness value, the optimal 
values of the parameters that need to be optimized, the final population and the final velocity 
matrices, a column vector titled ‘scores’ which represents the fitness values of the final 
population and a scalar value of ‘error’ which usually returns a zero if there was no error in the 
computation.  
The inputs for the function include the function handle to the fitness function followed by the 
lower and upper bounds of the parameters that need to be optimized. Note that the lower and 
upper bounds are treated as vectors and if there is more than one parameter to optimize, their 
bounds ought to be separated by commas and the entire vector is to be enclosed in square 
brackets. The fourth and fifth inputs are ‘options’ and ‘popin’ which represent the structure 
containing solver parameters and a vector/matrix representing the initial population.  
At the beginning of the code, the number of arguments supplied by the user is checked. If it 
detects that an ‘options’ structure was not provided by the user, it uses the default values for the 
solver parameters. Solver parameters such as the convergence tolerance value, size of the 
population, number of generations, stop switch value (either ‘generations’ or ‘tolerance’), 
boundary switch value (either ‘wrap’, ‘reflect’, or ‘slide’), display value (either ‘iter’, ‘final’ or 
‘never’), weight values for local best and global best fitness values (0.65, 2, 2) and maximum 
velocity magnitude of 10 for a particle are specified.  
Following this the length of the lower and upper bound vectors are compared. An error message 
is returned to the user in case the length of the lower and upper bound vectors did not match. If 
an initial population was not specified, depending on the number of parameters involved, a 
population matrix was generated using the ‘zeros’ command in MATLAB. Then, depending on 
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the number of columns this matrix contained, the population matrix is populated with random 
values using the ‘rand’ function. A velocity matrix was also generated using the ‘zeros’ 
command. Following the creation of the population and velocity matrices, the particles are 
propagated within a ‘while’ loop. Nested in this ‘while’ loop, is a ‘for’ loop that evaluates all 
particles to check if any of the particles go off the edge, i.e. it is checked to see if any particle for 
any parameter (that we are optimizing) reaches a value greater than the specified upper bound for 
that specific parameter or reaches a value lower than the specified lower bound for that specific 
parameter. If a particle goes off the edge, then it wraps or slides depending on which option is set 
when specifying the defaults. In this code, the ‘boundary switch’ option is set to ‘wrap’. 
This is followed by the evaluation of the fitness values for each particle in the population and the 
local best and global best values are determined. The velocity of each particle is updated 
according to eqn. 2.1. An ‘if’ statement is used to ensure that the velocity of a particle never 
exceeds the maximum velocity value which is specified at the beginning of the code. 
The convergence value is checked using a ‘switch-case’ statement and the code is designed such 
that the program stops execution once it reaches a value greater than the number of generations 
specified by the user. The global best values for the parameters are then displayed as the ‘optx’ 
values and the global best fitness value is displayed as the ‘optfit’ or optimal fitness value.  
2.3 Preliminary Application of PSO: Minimizing a Non-Linear Equation 
This technique was initially applied as a test, and to gain familiarity with the PSO method, to 
minimize a non-linear function subject to equality and non-equality constraints. 
The following non-linear function, constraints and lower/upper bounds were considered. 
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Objective Function: f(x) = (x1 – 2)
2 
+ (x2 -1)
2 
 
Constraints:              x1 - 2*x2 +1 =0 
                                  0.25* x1
2
 + x2
2 
- 1 <= 0 
Bounds:                     [-5, 5] for x1 and x2 
In order to include the constraints, the ‘penalty-function’ method was used and the new objective 
function denoted by ‘J’ was defined as 
J= F(x) + c1 ψ1 +….cn ψn 
Where ‘ψ’ denotes each constraint and ‘c’ denotes the weighting constant, i.e. 
The new objective function J becomes: 
J= [(x1 – 2)
2 
+ (x2 -1)
2
] + c1 (x1 - 2*x2 +1)
2
 + c2 (0.25* x1
2
 + x2
2 
-1)
2 
Note that J cannot be minimized unless the two constraints are satisfied.  
Also, if the values of ‘c’ are very high, it will force the constraints to zero regardless of the given 
function that ought to be minimized. But, if the values of ‘c’ are very low, the constraints might 
as well be ignored as the given function that ought to be minimized dominates. To solve this 
particular exercise, the values of c1 and c2 were specified to be 1500 and these values were 
chosen on trial and error.  
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Table 2.1: Results Obtained by PSO 
Method 
Used 
Pop, Gen 
values  
c1 , c2 
values 
Bounds 
on x1,  x2 
 
Minimized 
objective 
function, J 
Optimized 
Parameter,  
x1 
Optimized 
Parameter, 
x2 
PSO 100, 2000 1500,1500 [-5,5] 1.3925 0.8237 0.9116 
 
As indicated in the above table, the PSO code was executed for 2000 generations. The optimal 
fitness values displayed by the solver were plotted against the corresponding number of 
generations. In the attached figure, the axes were modified to reflect the convergence of the 
optimal fitness values between 100 and 200 generations as it was observed that the solver 
identified the optimal fitness value of 1.3925 at iteration 165.  
 
Figure 2.1 Time History of the Convergence of Values for Preliminary Exercise Using PSO 
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Following the completion of this exercise, an optimal impulsive orbit transfer solver which 
solved ‘Lambert’s Problem’ iteratively was developed.  
The goal of this solver is to minimize the objective function which involved the sum of the  
delta-V values of the two burns required, whilst optimizing two parameters-        and        . 
These two parameters represent the optimal time (in days) to launch and the time of flight (in 
days) to reach the destination. The process describing the development of the Lambert’s solver is 
discussed in the following chapter. 
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CHAPTER 3 
DEVELOPMENT OF LAMBERT’S SOLVER 
 
3.1 Secondary Application of PSO: Lambert’s Problem  
The development of a ‘Lambert’s Problem’ solver was needed in order to achieve the overall 
goal of this thesis. The total delta-V value required to travel from Earth to any destination can be 
obtained by solving the Lambert’s problem, in which an orbit is determined given two position 
vectors in space and the desired flight time between them [4]. The destination can be another 
planet or a Near-Earth Asteroid and the associated equations and methodology stay the same. 
During the initial development process, only the outbound journey (i.e., from Earth to the 
destination) was considered. Later, the solver was further developed in order to be able to 
compute the round trip mission delta-V value. The following paragraphs will describe the 
development of this solver in detail. 
3.2 Methodology of Lambert’s Solver 
First and foremost, the solver accepts the orbital elements of Earth and the destination (which 
could be another planet or an asteroid) as inputs. Orbital elements such as the semi-major axis 
‘ ’ (in AU), eccentricity ‘ ’, inclination ‘ ’ (in radians), argument of perihelion ‘ ’ (in radians), 
Longitude of Ascending Node ‘ ’ (in radians), true anomaly ‘ ’ (in radians) representing some 
epoch time (t=0) and the time period ‘ ’ (in days) are declared at the beginning of the code.  
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The angular momentum (in km
2
/s) and mean motion (in radians/day) values are then computed 
using the following equations:         
                                                              √    (    )                                                                (   )   
    
  
 
                                                                                (   ) 
 
Figure 3.1: Orbital Elements as Measured from the First Point in Aries, from [5] 
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The eccentric and mean anomaly values (for Earth and the destination) at the epoch (that is at 
t=0) are calculated as 
                                                                [   
 
 
√
(   )
(   )
]                                                    (   ) 
                                                                                                                                             (   ) 
Then, the mean anomaly values (for Earth and the destination) at the desired time of launch 
(denoted by         ) using the appropriate values for the mean motion are computed (in radians) 
using the equation: 
            (          )   (        )                                          (   ) 
                         
This is followed by solving Kepler’s equation to obtain the eccentric anomaly values (in radians) 
at         . The true anomaly values (in radians) at         are computed by the equation: 
                                                               [   
 
 
√
(   )
(   )
]                                                    (   ) 
The time of arrival denoted as          (in days) is defined as the sum of         and        . The 
aforementioned process of evaluating the mean and eccentric anomalies is implemented to 
compute the true anomaly values of Earth and the destination at         .  
The distances of Earth and the destination (in AU) at the time of launch and at the time of arrival 
are evaluated using the previously computed true anomaly values (on         and         ) and 
the following orbit equation: 
                                                                        
 (    )
       
                                                                   (   ) 
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The argument of latitude ‘ ’ values for Earth (at        ) and destination (at         ) are 
obtained by the definition:  
                                                                                                                                                        (   ) 
Where ‘ ’ represents the argument of perihelion and ‘ ’ represents the appropriate true anomaly 
values.  
The distances of Earth and the destination on         and          respectively are then obtained 
in vector form by utilizing the 3D Cartesian position equation which is given as 
 
                                                                  ⃗⃗⃗  | |  [    ̂    ̂    ̂]                                                     (   ) 
Where 
X=                       
Y=                      
Z=         
The total transfer angle (in radians) is then obtained by the inverse cosine of the dot product of 
the distance vectors of Earth (at         ) and the destination (at         ) divided by the product 
of magnitudes of the vectors. Following this, the value of the chord ‘c’, minimum semi-major 
axis ‘am’ and semi-perimeter ‘s’ values of the space triangle are computed as 
                                                                         ⃗    ⃗⃗⃗⃗    ⃗⃗⃗ ⃗                                                                      (    ) 
                                                                       
       
 
                                                               (    ) 
                                                                      
       
 
                                                                   (    ) 
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Where    denotes the magnitude of  ⃗Earth (at        ) and    denotes the magnitude of  
 ⃗Destination (at         ) 
The parabolic time of flight denoted as    and the time on the minimum semi-major axis 
trajectory represented as    are also obtained. The relevant equations for the same are as 
follows: 
                                             
√ 
 √   
[ 
 
 ⁄     (   ( ))(   )
 
 ⁄ ]                                          (    ) 
 
                                    √      
 
 ⁄  [      (           )]                                        (    ) 
 
Where   
     
                       
                                                                       
  (√  
 
 
)                                                      (    )  
           
 
                            
         
  (√  
 
 
)    
            
 
It is known that there are four possible conic transfers when solving Lambert’s problem. The 
four combinations and the associated Alpha and Beta angles are as follows. 
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Table 3.1: Alpha and Beta Angles for Four Types of Conic Transfer 
Type of Conic Transfer     
        0  Transfer Angle <    and  
            
          
        0  Transfer Angle <    and  
           
             
         Transfer Angle <     and  
                                
              
          Transfer Angle <     and  
             
           
 
Where    and    are obtained from the following equations: 
                                                                         (
  
 
)   √
 
  
                                                           (    ) 
                                                                        (
  
 
)   √
   
  
                                                       (    ) 
An ‘if-else if ’ statement is then utilized to represent each transfer possibility such that depending 
on the type of the transfer, the semi-major axis of the transfer trajectory can be evaluated using a 
routine that incorporates Newton’s method.  Then, using the newly obtained value of the semi-
major axis of the transfer trajectory, the values of   and   are recomputed. In turn the values of 
‘A’ and ‘B’ which aid in computing the terminal velocity vectors are obtained as follows: 
                                                                    √
 
  
    (
 
 
)                                                              (    ) 
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                                                                   √
 
  
   (
 
 
)                                                               (    ) 
The following figure illustrates the space triangle and the unit vector definitions.  
 
Figure 3.2  Space Triangle and Unit Vector Definitions, from [5] 
In the space triangle, the unit vectors along the sides of the space triangle and the velocity 
vectors   ⃗⃗⃗⃗⃗ and   ⃗⃗⃗⃗⃗ are obtained by the following equations: 
                          ̂  
  
→ 
  
                                                                    (    ) 
                                                                                   ̂  
  
→
  
                                                                   (    ) 
                                                                                  ̂  
 ⃗
 
                                                                     (    ) 
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                                                             Where    ⃗⃗⃗     ⃗⃗⃗⃗⃗     ⃗⃗⃗⃗⃗   
                                                           ⃗⃗⃗⃗⃗  (   )    ̂  (   )   ̂                                     (    ) 
                                                          ⃗⃗⃗⃗⃗   (   )   ̂  (   )   ̂                                     (    ) 
Note that   ⃗⃗⃗ ⃗ denotes the position vector of the departure planet (i.e., Earth) at         and 
  ⃗⃗⃗⃗  represents the position vector of the destination at         .   
The following 3D Cartesian velocity equation is used to obtain the velocity vectors of the 
destination (at         ) and Earth (at        ). 
    ⃗⃗⃗ ⃗   (
 
 
) [     (          )      (          )     ]  ̂
 (
 
  
) [     (          )       (          )     ]  ̂
 (
 
 
) (          )      ̂                                                                    (    ) 
    burns are required at Earth departure and when arriving at the destination and are defined as 
follows: 
                                      ⃗⃗⃗⃗⃗⃗ Earth at departure =   ⃗⃗⃗⃗⃗ -  ⃗Earth at launch                                              (    ) 
                                   ⃗⃗⃗⃗⃗⃗ Destination at arrival =  ⃗ Destination at arrival -   ⃗⃗⃗⃗⃗                                   (    ) 
                           ⃗⃗⃗⃗⃗⃗ Total Outbound =   ⃗⃗⃗⃗⃗⃗  Earth at departure +   ⃗⃗⃗⃗⃗⃗  Destination at arrival                        (    ) 
             
3.3 Lambert’s Problem Application: Initial Test Case - Transfer from Earth to Mars 
It was decided that the initial test case for the newly developed Lambert’s solver will be the    
Hohmann transfer from Earth to Mars assuming circular-coplanar orbits for both planets. As a 
result, the values for the inclination, eccentricity, argument of perihelion, LAN were set to zero 
for both planets. For this particular test case, the true anomaly values at epoch for Earth and 
Mars are specified to be zero and 44.3612 degrees (equal to 0.774249 radians) respectively.  
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As two parameters were being optimized, the lower and upper bound vectors included two 
values each, specifically a lower bound of [100, 259] and an upper bound of [782, 260] were 
used. An upper bound value (for        ) of 782 was chosen to represent one Synodic period.  
The results obtained are presented as follows. 
Table 3.2: Results Obtained for a Hohmann Transfer from Earth to Mars 
Pop, Gen 
values  
Lower 
Bounds 
Upper 
Bounds 
 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
t_transfer, 
days 
100, 1000 [100, 259] [782, 260] 5.5935 780.7079 259.2586 
 
Note that the analytical solution for the Hohmann transfer case results in a delta-V value of 
5.593484 km/s. The solution obtained via PSO is thus in excellent agreement with the analytical 
result, thereby validating the Lambert solver. 
3.4 Further Development of Solver: Return Trip Trajectory 
The Lambert’s solver had to be developed further in order to compute the optimal parameters 
that would influence the return trip. These parameters are namely the wait time (denoted as 
     ) and the time of flight to return to Earth from the destination. As there are two parameters 
denoting the flight time from Earth to the destination and back, the variables representing the 
time of flight parameters were renamed as          and         .  
The process incorporated to compute the ideal wait time is outlined as follows. 
The phase angle of the destination at         is 
                                                                                                          (    ) 
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When the spacecraft arrives at the destination, the phase angle between Earth and the destination 
is  
                                           (                   )                                 (    ) 
The time required for the phase angle to reach its proper value is the ‘wait time’. Hence the 
following is applicable [4]. 
                               
                                                                
(     )  (   )
                   
                                                (    ) 
                                 
                                                               
(     )  (   )
                   
                                                  (    ) 
The time of departure from the destination to Earth is denoted as        . This term is defined as 
the sum of          and      . Similarly,         represents the time of return to Earth from the 
destination and is defined as the sum of         and         .  
The positions of the destination at         and Earth (at        ) are evaluated by the same 
equations discussed in the earlier pages of this chapter. The velocity vectors for the return 
trajectory are also obtained using the equations illustrated previously.  The    vector equations 
are  
                                    ⃗⃗⃗⃗⃗⃗ Destination at departure =    ⃗⃗⃗⃗⃗ -  ⃗ Destination at departure                                       (    ) 
                                          ⃗⃗⃗⃗⃗⃗ Earth at return =   ⃗ Earth at return -     ⃗⃗⃗⃗⃗                                           (    ) 
Where   ⃗⃗⃗⃗⃗ and   ⃗⃗⃗⃗⃗ denote the terminal velocity vectors evaluated for the return trip trajectory.  
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                          ⃗⃗⃗⃗⃗⃗ Total Inbound =   ⃗⃗⃗⃗⃗⃗  Destination at departure +    ⃗⃗⃗⃗⃗⃗ Earth at return                       (    ) 
Thus the total    for a round trip mission was computed as 
                                       ⃗⃗⃗⃗⃗⃗ Total =   ⃗⃗⃗⃗⃗⃗  Total Outbound +   ⃗⃗⃗⃗⃗⃗ Total Inbound                                    (    ) 
3.5 Lambert’s Problem Application: Round Trip Transfer from Earth to Mars 
Here again, to validate the further developed code, the initial test case was to compute the round 
trip trajectory between Earth and Mars on a Hohmann transfer, assuming circular-coplanar 
orbits. As four time parameters are optimized, the lower and upper bounds are set to        
lb=[100, 257,454,257] and ub=[782,260,455,260]. This code was evaluated for 1000 generations 
and a population size of 100.  As the analytical result of this computation is already known it can 
be used to verify the results displayed by the code. The analytical results for this problem include 
a total    value of 11.186968 km/s, optimal wait time value of 453.8 days and flight time values 
of 259 days each. The Lambert’s solver code displayed the following results:  
Table 3.3: Results Obtained for a Round Trip Hohmann Transfer from Earth to Mars  
Pop, 
Gen 
values  
Lower Bounds Upper Bounds 
 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
100, 
1000 
[100, 257,454,257] [782,260,455,260] 11.1871 780.0613 258.4887 
258.7327   
454.4627 
 
The intermediate values of calculations such as the phase angle between Earth and Mars upon 
arrival at Mars and the phase angle between Earth and Mars upon returning to Earth were 
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verified. For instance, the code computed that the phase angle (when the spacecraft arrives at 
Mars) is 4.973 radians (equivalent to 284.93 degrees). This implies that Mars leads Earth by 
284.93 degrees. Also, the phase angle between Earth and Mars upon returning to Earth is 
evaluated to be 44.3 degrees, which implies that Earth leads Mars by 44.3 degrees. This in turn 
implies that to launch next from Earth to Mars, one ought to wait at least one Synodic period 
such that Mars will lead Earth again. These results match the values presented in [6]. Thus, the 
Lambert’s solver successfully passed the initial test case. 
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CHAPTER 4 
SELECTION CRITERIA FOR ASTEROIDS 
 
4.1 Initial Selection Criteria for Asteroids 
The overall goal of this project is to identify suitable Near-Earth Asteroids (NEAs) by computing 
the total delta-V required for the mission such that these asteroids will be viable candidates for 
human exploration in the years to come.  
As of February 2, 2013, the orbital elements for 9573 NEAs have been tabulated [7]. In order to 
select a few asteroids that could be used to test the Lambert’s solver that was developed, a 
reasonable and justifiable selection criteria had to be formulated. The following paragraphs 
describe the selection criteria in detail. 
Criterion 1: Absolute Visual Magnitude ‘H’ 
Absolute Visual Magnitude value is defined as the magnitude of an asteroid at zero phase angle 
and at unit heliocentric and geocentric distances [7]. This value is utilized to infer the size of 
asteroids. It is specified (in [7]) that lower the ‘H’ value, larger the size of the asteroid. When the 
size of the asteroid is large, it provides greater area of exploration sites to help better understand 
the structural and compositional homogeneity of the asteroid [8]. Hence, it was decided to 
eliminate all asteroids that had an ‘H’ value greater than 22.  
Criterion 2: Inclination of Asteroid’s Orbit 
 
The inclination of an asteroid’s orbit is defined with respect to the ecliptic plane. It is already 
known that greater the inclination of the orbit, greater the delta-V. Hence, asteroids with an 
inclination greater than six degrees were eliminated.  
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Criterion 3: Period of Asteroid’s Orbit 
It was desired that it would be convenient if an asteroid’s orbit was similar to that of the Earth’s. 
Hence, asteroids with orbital period values greater than 400 days were eliminated.  
4.2 Classification of Near-Earth Asteroids 
It is well known that Near-Earth Asteroids are classified into three groups based on their semi-
major axis values. Recall that the semi-major axis value of Earth is 1.0 AU. The following are 
the definitions of the three groups of NEA belts [7].  
1. Atens are Earth-crossing NEAs with semi-major axis values less than that of the Earth’s. 
2. Apollos are Earth-crossing NEAs with semi-major axis values greater than that of the 
Earth’s. 
3. Amors are Earth-approaching NEAs with orbits outside of Earth’s orbit but inside of 
Mars’ orbit. 
 
Figure 4.1 Illustrations of the Asteroid Belts, from [7] 
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In the table titled ‘NEA Orbital Elements’ (from [7]) the first constraint (i.e., H<=22) was 
applied. When this was done over 4500 asteroids were displayed. As the task was to obtain a list 
of initial test case candidates, it was decided to limit the search space. As a result only asteroids 
from the Atens belt were considered. On the Near Earth Object Program website, as of   
February 2, 2013, 753 Atens have been identified and their orbital elements are tabulated. When 
the first constraint of H<=22 was applied, 331 Atens remained and when the second constraint 
(eliminating asteroids with inclination >6 degrees) was applied, 44 asteroids remained. The 44 
asteroids that remained had an orbital period value less than the constraint that was chosen. 
These asteroids are tabulated as follows. 
Table 4.1: Aten Asteroids Obtained from Initial Selection Criteria 
# Asteroid Name 
1 2002 LT 24 
2 65679 (1989 UQ) 
3 2002 RW 25 
4 2009 BE 58 
5 1999 MN 
6 306383 (1993 VD) 
7 141432 (2002 CQ 11) 
8 162361 (2000 AF 6) 
9 2002 LY 1 
10 2006 TU 7 
11 310442 (2000 CH59) 
12 99942 Apophis 
13 326290 (1998 HE 3) 
14 202683 (2006 US 216) 
15 2006 QQ 23 
16 2003 UC 20 
17 2000 EM 26 
18 1995 CR 
19 2006 AM 4 
20 2002 JX 8 
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Table 4.1 (cont.) 
# Asteroid Name 
21 2010 XX 72 
22 164202 (2004 EW) 
23 2000 AC 6 
24 5604 (1992 FE) 
25 2001 YE 4 
26 2008 KV 2 
27 325102 (2008 EY 5) 
28 216523 (2001 HY 7) 
29 66146 (1998 TU 3) 
30 163348 (2002 NN 4) 
31 234145 (2000 EW 70) 
32 2011 HS 4 
33 2006 TS 7 
34 2009 BL 71 
35 2008 MG 1 
36 2003 YX 1 
37 2340 Hathor 
38 2006 VG 13 
39 2006 SF 6 
40 348306 (2005 AY 28) 
41 2004 RX 10 
42 2006 JF 42 
43 2011 TX 8 
44 2010 BK 2 
 
From this list of 44 asteroids, 3 asteroids were selected to be a part of the initial tests and they 
were the following: 
Table 4.2: Aten Asteroids Selected for Initial Tests 
# Asteroid Name 
1 65679 (1989 UQ) 
2 2002 RW 25 
3 2002 JX 8 
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CHAPTER 5 
DESIGN CONSIDERATIONS FOR NEAR-EARTH ASTEROID MISSIONS 
 
A few considerations had to be made when designing missions from Earth to Near-Earth 
Asteroids. This chapter addresses these considerations in detail. 
5.1 Desired Epoch Date 
When obtaining the orbital elements of an asteroid from [7], a modified Julian date is specified. 
This modified Julian date denotes the date on which the orbital elements were measured for a 
particular asteroid. The desired epoch date ‘t’ is measured from this value. For example, a 
modified Julian date of 56400 denotes April 18, 2013. This implies that the orbital elements 
tabulated were obtained on April 18, 2013. In the optimizer, if ‘t’ is specified as 10 (in years), 
then the desired epoch date is April 18, 2023. 
The time parameters that are optimized and evaluated are measured from the date represented by 
the desired epoch date. For example, if the desired epoch date ‘t’ is April 18, 2023 and if the 
solver converged to an ideal        value of 60 days, this implies that the ideal launch date is 
June 17, 2023 i.e., the ideal launch date is 60 days added to April 18, 2023.  
5.2 Mean Anomaly Values at the Desired Epoch 
Mean anomaly values (for Earth and the asteroids) are computed at the desired epoch date and 
are in turn used in the computation of the mean anomaly values of Earth at          and         
and the asteroid at          and          
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The orbital elements specified on JPL’s website also include the mean anomaly value measured 
on that date. The given mean anomaly value is used in computing the mean anomaly value at the 
desired epoch ‘t’ such as 
                               ( )   (     )                                                (   ) 
Where ‘ ’ is the mean motion value in ‘radians/day’ 
For Earth, the given mean anomaly value is obtained as follows: 
The value for Earth’s Mean Longitude ‘L’ is specified as 100.46435 degrees [9]. 
By definition, Mean Longitude is 
                                                                                                                                               (   ) 
Where 
  is the Mean Anomaly,                                                                                                                 
  is the Argument of Perihelion and                                                                                                             
   is the Longitude of Ascending Node (LAN) 
From the above definition and using the known values for   and  , the Mean Anomaly value of 
Earth is computed to be -2.48284 degrees. 
Hence, for Earth, (     )                   
The mean anomaly value computed as ( ) may represent the value over many revolutions. 
Hence, it is necessary to ensure that this value is between 0 and 2 . As a result, the following is 
done. 
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 ( )
  
                                                                         (   ) 
                                                                              (  )                                                                   (   ) 
                                                   (        )  (     )                                                              (   ) 
‘     ’ is a built-in function in MATLAB, which rounds the integers down toward negative 
infinity [10].  
For example, the mean anomaly of Earth at         is computed as 
                                                 (       )   (        )                                            (   ) 
Also, the aforementioned procedure is implemented when computing the mean anomaly values 
of Earth at         and the asteroid at          and         and the computed mean anomaly 
values will be between 0 and 2 . 
5.3 Total Mission delta-V 
The total mission delta-V for a round trip mission is computed as the sum of the delta-V value 
required at Earth departure, the delta-V value required at asteroid arrival and the delta-V value 
needed when departing the asteroid. A delta-V burn is not performed to enter into an orbit 
around the Earth upon return as it is much more efficient to do a high-speed direct entry from the 
destination. Also, when departing Earth, performing a hyperbolic departure from a circular 
parking orbit, produces significant delta-V savings. The following section discusses the relevant 
equations involved in performing a hyperbolic departure from Earth. 
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5.3.1 Hyperbolic Departure from Earth 
Lambert’s problem results in the heliocentric velocities that the spacecraft needs to have in order 
to be on the transfer trajectory at departure from planet1 (here, Earth) and at arrival at the 
destination (another planet or a NEA). Traditionally, the hyperbolic excess speed value and the 
velocity to attain a circular orbit around the departure planet are used in concurrence to 
determine the appropriate delta-V value at departure. The equations described below are 
obtained from Curtis [4].  
The hyperbolic excess speed at departure from Earth is defined as  
                                                            ⃗⃗⃗⃗⃗⃗  =   ⃗⃗⃗⃗⃗ -  ⃗ Earth at launch                                                     (   ) 
Where   ⃗⃗⃗⃗⃗ is the first solution, i.e. the required heliocentric velocity, obtained from solving 
Lambert’s problem  
To depart from a circular orbit around Earth, an appropriate departure altitude is chosen. Here, 
this altitude was specified to be 400km. Then, the periapsis radius of the departure hyperbola is 
given as a sum of the radius of Earth and the chosen altitude.  
                                                                                                                       (   ) 
As the LEO is around the departure planet (here, Earth) the gravitational parameter of Earth 
ought to be used in the velocity calculations.  
The Angular momentum, ‘h’ of the departure hyperbola is computed as 
                                                                       [  
  
        
               
]
 
 
                        (   ) 
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The periapsis speed can then be computed as  
                                                                      
 
          
                                                                (    ) 
The speed of the circular orbit around the departure planet is given by the formula 
                                                                       √
      
          
                                                             (    ) 
Then, the delta-V at departure from Earth is defined as 
                                                                                                                                (    )  
Arrival at Asteroid 
As asteroids have negligible escape speeds, the delta-V performed upon arriving at the asteroid is 
given as 
                                     ⃗⃗⃗⃗⃗⃗ Asteroid at arrival =  ⃗Asteroid at arrival -   ⃗⃗⃗⃗⃗                                             (    ) 
Where   ⃗⃗⃗⃗⃗ is the second solution, i.e. the required heliocentric velocity, obtained from solving 
Lambert’s problem 
Departure from Asteroid 
Using the same analogy as above, the delta-V performed at departure from the asteroid is  
                                   ⃗⃗⃗⃗⃗⃗ Asteroid at departure =    ⃗⃗⃗⃗⃗ -  ⃗Asteroid at departure                                           (    ) 
Where   ⃗⃗⃗⃗⃗ denotes the first solution, i.e. the required heliocentric velocity, obtained from solving 
Lambert’s problem for the return trajectory 
 
 32 
 
Arrival at Earth 
As mentioned earlier, a high-speed direct entry transfer is best suited for missions when 
returning from NEAs. Hence, the delta-V required to get into orbit around Earth upon return is 
generally not included in the computation of the total mission delta-V for the round trip mission. 
Thus, the total mission delta-V was computed as 
                                                                                            (    ) 
 
Constraint on the Total Mission Duration 
For the purpose of computing the total mission delta-V values for these asteroids, a constraint 
was added on the total mission duration using the penalty function method, to ensure a maximum 
of 365 day round trip missions. Thus, the total mission delta-V is defined as 
                                                                                   
                                                                         (                        )                     (    ) 
Where   is a user-defined constant 
An ‘if’ statement was added to check the total mission duration value. If it was computed to be 
less than 365 then the value of   was set to 0. If the total mission duration value was computed to 
be greater than 365 then the value of   was set to 0.1 
The aforementioned process was added to the existing MATLAB code.  
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5.4 Motivation of Modified PSO 
In the process of developing the Lambert’s problem solver, it was also decided that the original 
PSO code be modified slightly so as to reflect some recent observations with regard to the 
working of the algorithm and to improve the solution computed by the algorithm.  
The optimizer was executed for asteroid 65679 (1989 UQ). The desired epoch date was set to 
April 18, 2023 and the code was evaluated for a population value of 100 and 2000 generations 
using the PSO solver. The following results were obtained.  
Table 5.1: Results Obtained for a Round Trip Mission from Earth to Asteroid 65679  
Pop, 
Gen 
values  
Lower 
Bounds 
Upper Bounds 
 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
100, 
2000 
[30,90,8,100] [5000,782,25,782] 9.7210 2594.3 119.5 
173.2 
22.9 
 
The code identified         as 2594.3 days (i.e.,) May 25, 2030 and the total mission duration is 
315.6 days.   
The following plot was obtained when the optimal fitness values were plotted against the number 
of generations.  
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Figure 5.1 Convergence History of Fitness Values for Asteroid 65679 Obtained Using PSO 
From the plot, it can be observed that at about the 118
th
 iteration, a fitness value of ~10.27 was 
identified and for the remainder of the execution process, there was only minimal decrease in the 
optimal fitness value. At the end of 2000 generations, the solver found an optimal fitness value 
of 9.7210 km/s. 
Hence, to help alleviate the solution and minimize the probability of the code converging to the 
local minimum instead of the global minimum, it was decided to regenerate the population after 
every 100
th
 generation whilst retaining the best particle from the previous number of generations. 
For example, if the user specified 100 as the size of the population then 100 particles will be 
randomly generated. When the code reaches the first 100
th
 generation, the best particle from the 
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previous 99 generations is retained and the remaining number of particles (100-1=99) are 
randomly generated again. This process continues for every 100
th
 generation until the code 
reaches the total number of generations specified by the user. For instance, if the user specified 
2000 generations, then this process of regenerating the particles shall be repeated 20 times. This 
modification was implemented easily using a ‘for’ loop and an ‘if’ statement. 
The modified version of PSO was used to evaluate the total delta-V required for asteroid 65679. 
The desired epoch date was set to April 18, 2023. The following results were obtained. 
Table 5.2: Results Obtained for Asteroid 65679 Using Modified PSO 
Pop, 
Gen 
values  
Lower 
Bounds 
Upper Bounds 
 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
100, 
2000 
[30,90,8,100] [4000,782,25,782] 9.1374 2415.6 125.4 
122.1 
25 
 
From the above results, it can be seen that the optimal         is 2415.6 days, i.e.          
November 28, 2029 and the total mission duration is 272.5 days. The total delta-V value 
obtained by using the modified PSO code (9.1374 km/s) is less than the value obtained by 
utilizing the original PSO code (9.7210 km/s). Thus, regenerating the population every 100
th
 
generation whilst retaining the best particle from the previous iterations improves the solution. 
The original and modified PSO routines were applied to the remaining Aten asteroids tabulated 
in Table 4.2. The results for all three asteroids are tabulated in Tables 5.3 and 5.4 
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Table 5.3: Total delta-V Values Using PSO 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
65679 
1989 
UQ 
100,
2000 
[30,90,8,100] [5000,782,25,782] Apr 18, 
2023 
9.7210 2594.3 May 25, 
2030 
119.5 
 
173.2 
22.9 315.6 
2002 
RW 25 
100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
11.8818 1832.1 Apr 23, 
2028 
125.6 
 
201.5 
8 335.1 
2002  
JX 8 
100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
16.0638 1072.5 Mar 26, 
2026 
229 
 
111.2 
25 365.2 
 
Table 5.4: Total delta-V Values Using Modified PSO 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
     
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
65679 
1989 
UQ 
100, 
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
9.1374 2415.6 Nov 28, 
2029 
125.4 
 
122.1 
25 272.5 
2002 
RW 25 
100, 
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
11.8804 1832.5 Apr 24, 
2028 
125.4 
 
200.6 
8 334 
2002  
JX 8 
100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
13.9090 3600.7 Feb 25, 
2033 
117.2 
 
121.5 
8 272.5 
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Tables 5.3 and 5.4 depict the total delta-V values and the optimal values for the decision 
variables as found by the optimizer for all three asteroids that were tabulated in Table 4.2.  
In Table 5.4, the number of generations is specified as 2000. This implies that the population was 
regenerated at every 100
th
 generation for 20 times. It can be observed that when evaluated using 
the modified PSO routine, the optimal fitness values identified by the solver were less than the 
optimal fitness values obtained using the original PSO routine. As regenerating the population 
produced results with significant delta-V savings, it was decided to use the modified routine for 
all asteroids from this point onwards. 
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CHAPTER 6 
OPTIMAL MISSIONS TO NEAR-EARTH ASTEROIDS 
 
6.1 Selection Criteria for NEA Targets  
Once the Lambert’s solver code was tested with the initial test case asteroids, it was decided to 
extend the application of the solver. Drake [11] discusses strategies involved in planning a 
human exploration mission to NEAs and summarizes results that include the name of the NEAs, 
the next available mission opportunity to the NEAs and other pertinent information. Several 
factors that played a role in determining if an asteroid is a viable target for human exploration in 
this reference have been listed below.  
The mission timeframe was selected to be between 2025 and 2035. An asteroid was expected to 
have a minimum diameter of 30 meters. As these missions to asteroids will have astronauts on 
board, the total mission duration had to be a value lesser than a year. Consequently, the mission 
duration influences the total mission mass. Also to be considered was the Orbit Condition Code 
(OCC), a value that represents the anticipated uncertainty in an asteroid’s orbit. It is stated that 
lower OCC values are better.  
The total mission duration of 365 days, departure dates between 2025 and 2035 and the 
diameters of asteroids to be at least 30 meters were important selection criteria in determining 
accessible asteroids for missions that include three heavy lift launches using chemical propulsion 
techniques. It is also mentioned that a high speed direct entry method was considered when 
arriving at Earth from the asteroid and Earth entry speed limit constraint of 11.5 km/s was used 
 39 
 
for the purpose of the calculations. When the aforementioned constraints and criteria were 
utilized, 31 NEAs were identified as suitable candidates.  
Of the 31 NEAs tabulated, 12 asteroids were further categorized as asteroids that satisfy the 
following constraints [11]: 
1. Allow departure dates between 2025 and 2035 
2. Are at least 30 m in diameter 
3. Allow 365 day round trip missions 
or are not limited by the following considerations: 
4. Location uncertain and/or limited Earth-based observation opportunity to improve prior 
to the human mission, 
5. Very limited departure opportunities, 
6. Likely too small based on estimated albedo (albedo assumed to be between 0.05 and 
0.25) 
Tables 6.1 and 6.2 list the asteroids to which the optimizer was applied. It is to be noted that 
Table 6.1 includes the asteroids that satisfy constraints 1-6 and Table 6.2 includes those asteroids 
that satisfy only constraints 1-3. 
Table 6.1: List of Asteroids Satisfying Conditions 1-6 
# Asteroid Name Asteroid Belt 
1 2007 UY 1 Aten 
2 1999 AO 10 Aten 
3 2001 CQ 36 Aten 
4 1999 CG 9 Apollo 
5 99942 Apophis  Aten 
6 2011 AA 37 Amor 
7 2007 YF Aten 
8 2009 CV Apollo 
9 2006 FH 36 Aten 
10 2001 QJ 142 Apollo 
11 2003 LN 6 Aten 
12 2010 JK 1  Apollo 
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Table 6.2: List of Asteroids Satisfying Conditions 1-3 
# Asteroid Name Asteroid Belt 
1 2010 HA Aten 
2 2007 WA Apollo 
3 2011 AU 4 Apollo 
4 2006 QV 89 Apollo 
5 2006 BZ 147 Apollo 
6 2006 HE 2 Apollo 
7 2005 QP 11 Aten 
8 2005 CD 69 Apollo 
9 2009 TP Apollo 
10 2001 BA 16 Aten 
11 2009 BF 2 Apollo 
12 2003 RU 11 Aten 
 
JPL’s Near Earth Object Program website [7] was used to obtain the orbital elements of the 
asteroids. The optimizer was executed using the modified version of the PSO solver. Upon 
completion, the total delta-V value required for the mission was evaluated and the appropriate 
time parameters were optimized.  
6.2 Optimal Missions to the Candidate Asteroids  
This section presents the results obtained using PSO to determine the optimal, i.e. minimum 
delta-V missions to the candidate asteroids.  
Tables 6.3 and 6.4 contain the following columns: 
 Name of the asteroid 
 User-specified values for the Population and Generation (for the solver) 
 Lower and Upper Bounds used  
 Desired Epoch Date, ‘t’  
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 Optfit value from the trial, i.e. Total delta-V value 
 Optimal         (in days) as identified by the solver and the Launch Date this 
corresponds to 
 Optimal                         (in days) as identified by the solver 
 Total Mission Duration (in days) 
Table 6.3 represents the results obtained for asteroids that were tabulated in Table 6.1 which 
listed asteroids that satisfied constraints 1-6. 
Table 6.4 represents the results obtained for those asteroids that were included in Table 6.2 
which listed asteroids that satisfied constraints 1-3. 
In Tables 6.3 and 6.4, the lower and upper bounds on a particular parameter are computed from 
the desired epoch date value. For example, if the desired epoch date is April 18, 2030 and the 
lower and upper bounds on         are 105 and 800 respectively, this denotes that the search 
space (for this specific parameter) will be between August 1, 2030 and June 26, 2032. The same 
methodology is valid for the other three parameters as well.  
Also, as the missions to NEAs are expected to take place in a decade or so, the desired epoch 
was set to represent a date in the year 2023 or later.  
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Table 6.3: Total delta-V Values for Asteroids Satisfying Conditions 1-6 Using Modified PSO 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
2007 
UY 1 
100, 
2000 
[105,90,8,100] [800,782,25,782] Apr 18, 
2030 
 
6.0337 422.8191 June 15, 
2031 
135.9333 
 
221.1177 
8.0006 365.0513 
2007 
UY 1 
100, 
2000 
[60,90,8,100] [1000,782,25,782] Dec 30, 
2029 
6.0306 532.6974 June 16, 
2031 
137.5176 
 
219.5918 
8.0002 365.1096 
1999 
AO 10 
100,
2000 
[60,90,8,100] [1000,782,25,782] Apr 18, 
2023 
8.2821 194.5723 Oct 30, 
2023 
126.7320 
 
148.6869 
8.7617 284.1806 
1999 
AO 10 
100, 
2000 
[60,90,8,100] [1000,782,25,782] Aug 1, 
2022 
8.2821 454.7638 Oct 30, 
2023 
126.7320 
 
148.6869 
8.7617 284.1806 
2001  
CQ 36 
100, 
2000 
[60,90,8,100] [1000,782,25,782] Apr 18, 
2028 
7.2320 229.4854 Dec 3, 
2028 
124.7767 
 
151.9676 
15.8906 292.6349 
2001 
CQ 36 
100, 
2000 
[30,90,8,100] [1000,782,25,782] Oct 18, 
2028 
7.2108 46.4626 Dec 3, 
2028 
124.5903 
 
144.6229 
24.9992 294.2124 
1999 
CG 9 
100,
2000 
[60,90,8,100] [3000,782,25,782] Apr 18, 
2023 
5.4828 954.3529 Nov 27, 
2025 
156.3530 
 
188.5806 
18.9328 363.8664 
1999  
CG 9 
100, 
2000 
[30,90,8,100] [3000,782,25,782] June 1, 
2023 
5.4796 910.5816 Nov 28, 
2025 
156.6384 
 
188.5814 
18.2344 363.4542 
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Table 6.3 (cont.) 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
99942 
Apophis 
100, 
2000 
[30,90,8,100] [3000,782,25,782] Jan 1, 
2023 
7.4688 2757.2 July 20, 
2030 
198.7 
 
138.9 
25 362.6 
99942 
Apophis 
100, 
2000 
[30,90,8,100] [3000,782,25,782] Sep 30, 
2022 
7.6139 2850.2 July 20, 
2030 
202.9 
 
146.3 
12.7 361.9 
2011 
AA 37 
100,
2000 
[60,90,8,90] [1000,782,25,782] Jan 18, 
2028 
7.2843 88.2058 Apr 15, 
2028 
173.6769 
 
175.6233 
14.6220 363.9222 
2011 
AA 37 
100, 
2000 
[60,90,8,90] [1000,782,25,782] Apr 18, 
2027 
7.1332 361.2868 Apr 13, 
2028 
184.2333 
 
172.6753 
8.0165 364.9251 
2007 YF 100, 
2000 
[30,80,8,80] [4000,782,25,782] Apr 18, 
2021 
6.1038 3464.8 Oct 13, 
2030 
154 
 
83.7 
17.6 255.3 
2007 YF 100, 
2000 
[30,80,8,80] [800,782,25,782] Sep 1, 
2029 
5.9626 407.6332 Oct 14, 
2030 
156.2895 
 
90.8209 
8.0005 255.1109 
2009 CV 100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
9.1055 606.6053 Dec 15, 
2024 
190.7190 
 
134.5491 
24.9987 350.2668 
2009 CV 100, 
2000 
[30,90,8,100] [300,782,25,782] June 1, 
2024 
9.1052 196.9495 Dec 15, 
2024 
190.7593 
 
134.7199 
24.9998 350.479 
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Table 6.3 (cont.) 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
2006  
FH 36 
100, 
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
7.1061 2294.2 July 29, 
2029 
123.5 
 
140.6 
8 272.1 
2006  
FH 36 
100,
2000 
[180,90,8,100] [300,782,25,782] Jan 1, 
2029 
7.1194 207.4825 July 27, 
2029 
126.4191 
 
141.6532 
8.0028 276.0751 
2001  
QJ 142 
100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
6.1308 1730.7 Jan 13, 
2028 
189.6 
 
154 
19.4 363 
2001  
QJ 142 
100, 
2000 
[30,90,8,100] [50,782,25,782] Dec 1, 
2027 
6.1854 43.8997 Jan 14, 
2028 
189.6283 
 
143.7887 
24.9973 358.4143 
2003  
LN 6 
100,
2000 
[30,90,8,100] [4000,782,25,782] Apr 18, 
2023 
8.4004 3223.6 Feb 14, 
2032 
161.3 
 
100.1 
21.3 282.7 
2003  
LN 6 
100,
2000 
[30,90,8,100] [50,782,25,782] Jan 1, 
2032 
8.1480 43.6171 Feb 14, 
2032 
163.3384 
 
100.0003 
15.4461 278.7848 
2010 
JK 1 
100, 
2000 
[20,90,8,90] [9000,782,25,782] Apr 18, 
2023 
4.8646 7444.3 Sep 4, 
2043 
121.1 
 
201.4 
24.9 347.4 
2010 
JK 1 
100, 
2000 
[20,90,8,90] [500,782,25,782] Sep 4, 
2042 
4.8638 365.9280 Sep 5, 
2043 
121.8063 
 
200.7909 
24.9999 347.5971 
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Table 6.4 Total delta-V Values for Asteroids Satisfying Conditions 1-3 Using Modified PSO 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
2010 
HA 
100, 
2000 
[20,90,8,90] [6000,782,25,782] Apr 18, 
2023 
8.1676 5231.8 Aug 14, 
2037 
103.2 
 
119.3 
17.9 240.4 
2010 
HA 
100, 
2000 
[20,90,8,90] [120,782,25,782] Apr 18, 
2037 
7.8891 119.9492 Aug 16, 
2037 
109.8038 
 
120.0157 
8 237.8195 
2007 
WA 
100, 
2000 
[20,90,8,90] [6000,782,25,782] Apr 18, 
2023 
6.4561 4514.9 Aug 28, 
2035 
198 
 
151 
13.7 362.7 
2007 
WA 
100, 
2000 
[50,90,8,90] [800,782,25,782] June 1, 
2034 
6.3741 450.5073 Aug 26, 
2035 
210.9758 
 
146.1822 
8.0012 365.1592 
2011  
AU 4 
100, 
2000 
[20,90,8,90] [6000,782,25,782] Apr 18, 
2023 
6.9452 3764.3 Aug 7, 
2033 
118.8 
 
122.3 
12.7 253.8 
2011 
AU 4 
100, 
2000 
[20,90,8,90] [800,782,25,782] Aug 1, 
2032 
6.9089 371.4344 Aug 7, 
2033 
118.4929 
 
110.1337 
24.9998 253.6264 
2006 
QV 89 
100, 
2000 
[20,110,8,110] [6000,782,25,782] Apr 18, 
2023 
8.9433 2256.6 June 22, 
2029 
211.4 
 
139.6 
14 365 
2006 
QV 89 
100, 
2000 
[20,110,8,110] [800,782,25,782] June 1, 
2028 
8.7579 386.1208 June 22, 
2029 
217.3460 
 
139.6412 
8.0528 365.04 
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Table 6.4 (cont.) 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
2006  
BZ 147 
100, 
2000 
[20,90,8,90] [8000,782,25,782] Apr 18, 
2023 
4.8953 6264.2 June 11, 
2040 
129.9 
 
176.8 
25 331.7 
2006 
BZ 147 
100, 
2000 
[20,90,8,90] [800,782,25,782] June 1, 
2039 
4.8950 375.5992 June 11, 
2040 
131.1597 
 
174.7316 
24.9985 330.8898 
2006  
HE 2 
100, 
2000 
[20,90,8,90] [8000,782,25,782] Apr 18, 
2023 
6.0265 7049.5 Aug 6, 
2042 
109.4 
 
171.6 
25 306 
2006  
HE 2 
100, 
2000 
[20,90,8,90] [800,782,25,782] Aug 1, 
2041 
6.0258 369.9569 Aug 6, 
2042 
108.8050 
 
172.6397 
24.9999 306.4446 
2005 
QP 11 
100, 
2000 
[20,90,8,90] [8000,782,25,782] Apr 18, 
2023 
6.9214 7726.3 June 12, 
2044 
207.1 
 
134.9 
23 365 
2005  
QP 11 
100, 
2000 
[20,90,8,90] [800,782,25,782] Apr 18, 
2043 
6.8302 422.3324 June 13, 
2044 
200.9081 
 
144.8719 
16.06 361.84 
2005 
CD 69 
100, 
2000 
[20,100,8,100] [8000,782,25,782] Apr 18, 
2023 
8.4469 6291.4 July 8, 
2040 
111.1 
 
143.1 
8 262.2 
2005 
CD 69 
100, 
2000 
[20,100,8,100] [120,782,25,782] Apr 18, 
2040 
8.4460 82.5729 July 10, 
2040 
110.1479 
 
144.3836 
8 262.5315 
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Table 6.4 (cont.) 
Asteroid 
Name 
Pop, 
Gen 
 
Lower 
Bounds 
Upper Bounds Desired 
Epoch 
Date, t 
Total 
Delta-
V 
(km/s) 
Optimal 
t_launch, 
days 
Optimal 
Launch 
Date 
 
Optimal 
t_flight1, 
t_flight2 
days 
Optimal 
t_wait, 
days 
Total 
Mission 
Duration, 
days 
2009 TP 100, 
2000 
[30,110,8,110] [9000,782,25,782] Apr 18, 
2023 
5.9363 7233.1 Feb 5, 
2043 
119.7 
 
207.2 
12.3 339.2 
2009 TP 100, 
2000 
[20,110,8,110] [100,782,25,782] Dec 1, 
2042 
5.9360 67.6098 Feb 7, 
2043 
118.9891 
 
206.6733 
13.2997 338.9621 
2001 
BA 16 
100, 
2000 
[20,90,8,90] [8000,782,25,782] Apr 18, 
2023 
7.1298 2024.6 Nov 2, 
2028 
160.1 
 
167.1 
17.6 344.8 
2001 
BA 16 
100, 
2000 
[20,90,8,90] [800,782,25,782] Jan 1, 
2027 
7.1393 671.5562 Nov 3, 
2028 
160.1472 
 
161.0399 
19.6862 340.8733 
2009  
BF 2 
100, 
2000 
[10,90,8,90] [90,782,25,782] Apr 18, 
2033 
8.4596 70.0251 June 27, 
2033 
157.8637 
 
115.3505 
24.9996 298.2138 
2009 
BF 2 
100, 
2000 
[20,90,8,90] [300,782,25,782] Jan 1, 
2033 
8.4596 177.8185 June 28, 
2033 
158.0631 
 
115.3540 
24.9998 298.4169 
2003  
RU 11 
100, 
2000 
[30,90,8,90] [9000,782,25,782] Apr 18, 
2023 
8.5309 7365.2 June 17, 
2043 
113.8 
 
90.0 
20.4 224.2 
2003 
RU 11 
100, 
2000 
[60,90,8,90] [170,782,25,782] Jan 1, 
2043 
7.8963 168.6124 June 19, 
2043 
108.3694 
 
90.0001 
8.0020 206.3715 
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6.3 Convergence Criteria of Results 
As mentioned previously, these asteroids were investigated by Drake [11] and to recall, in 
addition to satisfying certain constraints discussed in the earlier chapters, they allow (maximum) 
365 day round trip missions consisting of three heavy lift launches using chemical propulsion. 
The tabulated results represent asteroids from all three asteroid belts namely, the Atens, Apollos 
and Amors.  
In Tables 6.3 and 6.4, two trials, each representing different desired epoch dates have been 
recorded for each asteroid. This is done to illustrate that the optimizer successfully identifies the 
optfit value, i.e. the lowest delta-V value, and in turn identifies the corresponding optimal launch 
date despite choosing different dates as the desired epoch. 
As indicated (in Tables 6.3 and 6.4) all results were obtained for a population value of 100 and 
the code was evaluated for 2000 generations using the modified PSO solver, i.e. the population 
was regenerated every 100
th
 generation for 20 times whilst retaining the best particle from the 
previous 99 generations. As the population was being regenerated, a population value of 100 
presented a reasonable search space for the optimizer. 
Each trial took about 2 hours to complete on an Intel i3 processor personal computer. 
Metaheuristic methods require no initial guesses but the convergence properties are not readily 
known [12]. As this swarm algorithmic technique is a stochastic process and may find a different 
objective function value each time, each trial was evaluated twice. This was done to increase the 
likelihood of converging to the global minimum. The best result obtained is given in Tables 6.3 
and 6.4 
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Choosing different desired epoch dates and repeating each trial at least twice are two essential 
methods incorporated in validating the use of particle swarm optimization technique and in 
obtaining reliable results.  
In statistics and probability, the law of large numbers states that the average of the results 
obtained from a large number of trials should be close to the expected value and will tend to 
become closer as more trials are performed [13]. Drawing an analogy between this theorem and 
the swarming algorithm, it is widely perceived that increasing the number of 
generations/iterations may improve the solution identified by the solver. However, as indicated 
in the tables the number of generations was set to be 2000. This was done for the following 
reasons: 
1) In many test trials, it was observed that the solver found a reasonable solution at about 
the 800
th
 or 900
th
 generation and the final optimal fitness value or ‘optfit’ did not 
significantly improve from this value. 
2) Also, regenerating the population and retaining the best particle from the previous runs 
increased the likelihood of converging to the global minimum. 
Hence, all trials were evaluated for 2000 generations.  
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CHAPTER 7 
CONCLUSION 
The fundamental goal of this thesis was to successfully implement a swarming algorithmic 
technique such as the particle swarm optimization in identifying potential Near-Earth Asteroid 
targets that will be viable candidates for human exploration in the future.  
The development of an optimizer, the formulation of selection criteria to identify the initial test 
case asteroids, the slight modification of the particle swarm optimization algorithm to improve 
accuracy of solutions and the application of the optimizer to previously identified asteroids (from 
other studies) together helped in achieving the goal of this thesis. 
When the optimizer was applied to asteroids, it converged to an optimal fitness value, i.e. total 
delta-V value, whilst identifying an ideal launch date and optimizing the associated time 
parameters thereby ensuring 365 (or fewer) day round trip missions as these missions will have 
astronauts on board. The penalty function method worked well with PSO to find missions limited 
to 365 days. The time constrained missions are easily identified using the ‘Total Mission 
Duration’ column from Tables 6.3 and 6.4 
Particle swarm optimization (PSO) has wide-spread applications extending to various fields such 
as medicine, economics, mathematics etc. Utilizing PSO to identify NEAs for future exploration 
is an extension in its applicability and illustrates the scope of this particular technique.  
The novelty of the optimizer lies in the fact that the user gets to specify a desired epoch date and 
specify suitable lower and upper bounds thereby specifying the search space for an ideal launch 
opportunity. The use of PSO in concurrence with the optimizer eliminates the need to use ‘brute-
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force’ methods in computing the total delta-V value and the ideal launch date when designing 
roundtrip missions from Earth to a NEA. 
New NEAs are being discovered and their corresponding orbital elements are being calculated 
and tabulated. This presents an exciting opportunity for mission planners and architects as it 
offers an even wider search space when researching for ideal asteroid candidates for human 
exploration. 
It has been mentioned earlier that when the optimizer was evaluated for a population of 100 and 
2000 generations, the optimizer took about 2 hours to complete execution on an Intel i3 
processor. At this stage, it is not known if using a faster processor will impact the run time of the 
optimizer significantly and verifying this is out of the scope of this thesis.  
As mentioned in the earlier chapters, Drake [11] summarizes the next mission opportunity to 
NEAs identified in his study. For example, for asteroid 2007 UY1, the optimizer identified an 
ideal launch date of June 15, 2031 and the next mission opportunity for this asteroid is listed as 
August 2032 in [11]. Similarly, the optimizer converged to an ideal launch date of         
December 3, 2028 for asteroid 2001 CQ 36 and the next mission opportunity for this asteroid is 
listed as December 2030 in [11]. Nonetheless, the total delta-V values in km/s obtained for the 
asteroids using the optimizer can be termed modest and reasonable to accomplish.  
Thus, it has been illustrated that particle swarm optimization can be successfully applied to the 
task of identifying suitable NEA targets fit for human exploration. Leonardo Da Vinci once said 
that “Simplicity is the ultimate form of sophistication.” The use of PSO technique effectively 
conveys this notion by eliminating the need to use ‘brute-force’ methods in the computation and 
identification of viable asteroid targets that are feasible to visit by astronauts. Such missions are 
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sure to captivate the imagination of all and will certainly be a frontier in furthering our 
knowledge and technological capabilities.  
7.1 Future Work  
As of April 6
th
, 2013, 9733 asteroids were discovered and as of April 13
th
, 2013, 9767 asteroids 
have been identified. This implies that 34 asteroids were newly identified in about a week. The 
search space of possible asteroid targets for human exploration continues to expand thus offering 
several more destinations to be studied. 
Studies may be conducted on further improving the accuracy of the solution identified by the 
algorithm. Specifically the effects of increasing the number of generations and/or population 
may be analyzed. Also, one may analyze the effects of the total run time of the algorithm and 
investigate how this compares when a much faster processor is used for the computation as faster 
run times offer a chance to analyze and test more asteroids. 
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